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Abstract:



Mutations in GJB2, gene coding for connexin 26 (Cx26), and GJB6, gene coding for connexin 30 (Cx30), are the most common genetic defects causing non-syndromic hereditary hearing loss. We previously reported that overexpression of Cx26 completely rescues the hearing in a mouse model of human GJB6 null mutations. The results suggest that therapeutic agents up-regulating the expression of Cx26 may potentially be a novel treatment for non-syndromic hereditary deafness caused by Cx30 null mutations. Retinoids are a family of vitamin A derivatives that exert broad and profound effects on cochlear protein expression including connexins. They are readily available and already utilized as therapeutic agents for recurrent otitis media and hearing loss due to noise exposure. In this study, we characterized the expression of Cx26 and Cx30 in the postnatal inner ear by different retinoids including retinyl palmitate (RP), the main source of vitamin A in over-the-counter (OTC) supplements, retinyl acetate (RAc) which is an isomer of RP, and all-trans-retinoic acid (ATRA), the most active retinoid derivative. The results revealed ATRA significantly increased cochlear Cx26 expression and improved hearing in Cx30 knockout (KO) mice by 10 dB suggesting its potential benefits as a therapeutic agent. In contrast, RP selectively reduced cochlear Cx30 expression and did not improve hearing thresholds at the dosages we tested.
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1. Introduction


Found in a variety of animal (e.g., liver, eggs & milk) and plant (as provitamin beta-carotene) sources, retinoids or the family of vitamin A derivatives are essential nutrients for normal development [1]. Of its many functions, vitamin A plays a critical role in the development of the inner ear [2]. Animal models show that vitamin A deficiency during development predisposes fetuses with deleterious effects such as malformed otic vesicles, absent endolymphatic duct, atrophy of vestibular and cochlear epithelium, and hypertrophy of the otic capsule [3]. On the other hand, excessive exposure to vitamin A causes a multitude of congenital pathologies such as microtia, anotia, and inner ear malformations clinically known as Michel aplasia and Mondini dysplasia [4,5].



In the postnatal setting, however, vitamin A has been implicated as a treatment for hearing loss in recurrent otitis media and noise exposures [6,7,8]. Delineating benefits and potentially damaging developmental effects of vitamin A, for the treatment of hearing loss, are challenging tasks and continue to be a topic of investigation. The central mechanism for treating hearing loss appears to be vitamin A’s anti-inflammatory properties. However, it is also well recognized that vitamin A has the ability to regulate connexin (Cx) expression, which is essential in normal hearing [7,8,9,10].



Mutations in either GJB2 (gene coding for Cx26) or GJB6 (gene coding for Cx30) are the most common genetic defects known to cause congenital hearing loss in humans [11,12,13]. Most gap junctions (GJs) in the cochlea are co-assembled from Cx26 and Cx30, and overexpression of Cx26 will rescue hearing in the mouse model of human GJB6 null mutations [14]. These results suggest that therapeutic agents, such as vitamin A known to up-regulate the expression of Cx26, may be used as a novel drug treatment for non-syndromic hereditary deafness caused by Cx30 functionally null mutations in critical developmental periods.



Hence, the goal of this study was to characterize the modulation of Cx expression in the postnatal inner ear by different retinoids: retinyl palmitate (RP), the main source of vitamin A in over-the-counter (OTC) supplements, retinyl acetate (RAc), an isomer of RP, and all-trans-retinoic acid (ATRA), which is the most active form of retinoid, during the critical developmental period when normal Cx function is essential for the maturation of the cochlear sensory epithelium [15,16,17]. In addition, we assessed the effects of vitamin A on cochlear morphology and hearing thresholds to better characterize risks and benefits of retinoids as a potential therapeutic agent in non-syndromic hereditary deafness.




2. Materials and Methods


2.1. In Vivo Applications of Retinoids by Round Window Placement and by Intraperitoneal (IP) Injections


All animal experiments were approved by the Emory Institutional Animal Care and Use Committee and performed using accepted veterinary standards. C57BL/6 mice (Charles River Inc., Wilmington, MA, USA) and Gjb6−/− mice [18] were used in the studies. For drug applications through the round window, a retro-auricular approach was used to expose the tympanic membrane and tympanic ring. The tympanic ring with tympanic membrane was detached from posterior adjacent tissue to allow exposure of cochlea and round window niche. A small cube (3–4 mm3) of absorbable gelatin sponge (Gelfoam, Pfizer Inc., New York, NY, USA, CAT# 59-9863) soaked with one of the retinoid derivatives (retinyl palmitate (RP 30 μM), or retinyl acetate (RAc 30 μM), or all-trans-retinoic acid (ATRA) 30 μM and 300 μM) dissolved in ethanol and phosphate buffered saline (PBS) was placed onto the round window membrane (Figure A1). Drugs are supposedly to reach targeted cells in the cochlea by diffusion across the round window membrane, and also across the basilar membrane to enter the endolymph; therefore, the final concentration of the drugs should be much lower than the original concentration. RP, RAc, and ATRA were purchased from Sigma Aldrich (catalogue #: R3375, R4632, R2625, respectively). The surgery was performed only in the left ear for each mouse and the contralateral ear was used as a non-treatment control. However, previous report also showed that small molecules and viral particles are capable of escaping from one side of the ear to reach the contralateral side [19]. This was taken into the consideration for data interpretation in our studies. Post operatively, we placed mice on a heating pad set at 37 °C (model TR-100; Fine Science Tool Inc., Foster City, CA, USA) to allow animals to recover from the procedure before returning to the animal housing facility. In separate experiments, intraperitoneal (IP) injections were administered at 10 mg/kg at either P5 or P8 every other day until a total of 10 injections were given. Mice in the placebo group received the equivalent dose of PBS with the same amount of ethanol under the same injection time schedule.


Figure A1. Surgical placement of gel foam soaked in vitamin A derivative was done by opening up the tympanic ring and exposing the RW. Posterior to the above photograph is the RW (indicated by a white arrow) where the placement of the gel foam occurred.
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2.2. Cochlear Resin Sectioning and Immunolabeling Assays


The cochleae were dissected and fixed in 4% paraformaldehyde (dissolved in PBS). Subsequently, a small opening was made at the apex of the cochlea to allow formation of a perfusion loop via the oval window with 2% PFA and 2.5% glutaraldehyde in PBS, and the samples were further postfixed at 4 °C overnight. Samples were then decalcified in 0.35 M EDTA (pH 7.5, in PBS) for 72 h at 4 °C, followed by gradual dehydration in alcohol of increasing grades, infiltrated, and embedded in epoxy resin (catalogue #: 18060; Ted Pella Inc., Redding, CA, USA) with the conventional protocols [15]. Consecutive cochlear sections (5 µm in thickness) were stained with toluidine blue. Morphology of the sensory epithelium was examined from midmodiolar cochlear resin sections (5 μm in thickness, cut with a Microm HM 335E microtome, Walldorf, Germany).



To determine expression of connexin proteins by immunolabeling, cryo-cochlear sections (8 μm in thickness, cut with a Leica CM1850, Nussloch, Germany) were used. Detail of immunolabeling protocol can be found in our published papers [20]. Briefly, samples were incubated in primary antibody (1:400) plus 5% goat serum and 0.1% Triton at 4 °C overnight. Primary antibody included antibodies against Cx26 (Invitrogen Inc., Carlsbad, CA, USA, catalog# 71–0500, 0.25 µg/mL) and Cx30 (Invitrogen Inc., catalog# 71–2200, 0.5 µg/mL). We also used hair cell markers, myosin6 (1:500) or phalloidin (1:1000), obtained from Proteus bioscience (Ramona, CA, USA) and Sigma-Aldrich Inc. (St. Louis, MO, USA) respectively, on some of the whole-mount cochlear samples as counterstains. Sections and whole-mount preparations were washed in PBS the following day, then incubated for 1 hour at room temperature with secondary antibodies (all purchased from Invitrogen) including: Alexa-555 goat anti rabbit IgG (1:500); Alexa-488 conjugated goat anti mouse IgG (1:500); or Alexa-488 goat anti rabbit IgG (1:500). Images were acquired by a conventional fluorescent microscope (Zeiss Axiovert 135TV, Carl Zeiss, Göttingen, Germany), and analyzed by ImageJ software package (NIH, http://rsbweb.nih.gov/ij/ features.html).




2.3. Auditory Brainstem Responses (ABRs)


ABR measures hearing sensitivity based on sound-evoked potentials and provides an objective measure of hearing thresholds [21]. ABR tests were performed from adult mice (at P26 or older) to allow for appropriate hearing maturation in mice. Tone burst sound stimuli were presented with a sound tube attached to a high-frequency speaker (Tucker Davis Technologies, Alachua, FL, USA), and the tube was inserted to each ear to deliver tone-burst at 4, 8, 12, 18, 24 and 32 kHz to test frequency-specific hearing thresholds. Details of the ABR are provided elsewhere in our published papers [14]. The unpaired student’s t-test was used to determine the significance of differences between data points at the same test frequencies among various groups. The data analysis and plotting software package Origin (ver. 8, Originlab, Northampton, MA, USA) was used for statistical analyses. We defined the criteria of “statistically significant” as p < 0.05.




2.4. Western Blot Analysis


Total proteins from the cochleae of at least two mice were extracted in radio-immunoprecipitation assay (RIPA) lysis buffer by following the manufacturer’s instructions (Upstate Biotechnology Cell Signaling Systems, Lake Placid, NY, USA). Protein concentrations were measured by using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Proteins were separated by electrophoresis on a 12% SDS polyacrylamide gel. After transferring to nitrocellulose membranes, we detected Cxs by Western blotting by using polyclonal antibodies against Cx26 (0.5 μg/mL) and/or Cx30 (1 μg/mL; Zymed, South San Francisco, CA, USA). An equal amount of protein (5 μg) was loaded in each lane and this was calibrated with Western blots of β-actin (β-actin, dilution factor 1:1000; Chemicon International, Temecula, CA, USA) as controls. Protein bands on the blots were visualized by enhanced chemiluminescence (SuperSignal; Pierce, Rockford, IL, USA) exposed to x-ray films (Hyper Film; Amersham Biosciences, Piscataway, NJ, USA). The unpaired student’s t-test was used to determine the significance of differences between various test conditions using the data analysis and plotting software package Origin (ver.8, Originlab, Northampton, MA, USA). We defined the criteria of “statistically significant” as p < 0.05.





3. Results


Placement of gel foam soaked with retinyl palmitate (RP, 30 μM) on the round window (RW) showed different expression patterns of Cx26 and Cx30 in the cochlea. Immunolabeling results obtained from adult mice (one month old) revealed that there is a reduction of Cx30 expression in the cochlea to below the detection sensitivity after application of 30 μM of RP on the RW (comparing Figure 1A,B), at both the treated (Figure 1B) and non-treated sides (Figure 1C). In contrast, Cx26 expression was clearly detected (comparing Figure 1D–F). As negative controls, we tested the effect of placing gel foams soaked in PBS without RP and containing the same amount of ethanol in the preparation of RP. Results showed that there is no effect on Cx30 expression level compared to the wild-type (WT) mice when RP was not applied (data not shown). The control data supported the notion that reduction in Cx30 expression in the non-treated ear (Figure 1C) was caused by cross-transfer of RP between the two ears. RP was probably leaked from the treated ear as previously reported by others in gene therapy tests for viral particles [19], and caused the Cx30 reduction in the non-treated ear.


Figure 1. Treatment of retinyl palmitate (RP) differentially affects Cx26 and Cx30 expressions in the cochlea. Immunolabeling results with Cx30 (panels in the upper row, (A–C)) and Cx26 (panels in the lower row; (D–F)) obtained from adult cochlear sections (one-month-old mice) are given. Experiments were repeated three times and similar results were obtained. Data are shown for results with RP (30 μM) obtained from the treated ear (panel B); the non-treated ear (panel C) and the wild-type (WT) control (panel A); RP was given by placing soaked gel foam at the round window (RW). Results show that Cx30 was below the level of detection 10 days after treatment (panels B,C); In contrast, Cx26 was detected positively in the cochlea (panels E,F) after RP treatment. Panel D is the WT control result.
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Western blot results were consistent with findings from the immunolabeling. We first compared RP treatment applied at postnatal day 6 (P6) on Cx expressions in the lateral wall (LW) and the organ of Corti (OC) of the inner ear (Figure 2A). Both Cx26 and Cx30 expressions were reduced in the treated ears, and the reductions were more evident in the organ of Corti (p < 0.05) compared to the lateral wall (p > 0.05) (Figure 2A). In the non-treated ear, Cx30 levels were not statistically different from WT controls at P6, although there was some apparent increase in Cx26 expression (Figure 2A). When the Western blots were done at postnatal day 10 (P10), Cx30 expressions in both ears were greatly reduced to about 21% of the control levels (Figure 2B), confirming the immunolabeling results as shown in Figure 1. To further test the effects of retinoids in the cochlear Cx expressions, we tested another compound retinyl acetate (RAc), which is in the same family as RP and predicted to exert the similar effect in the inner ear. Application of RAc (30 μM) on the round window membrane again reduced Cx30 expression level at P10 to that below the detection sensitivity by immunolabeling (Figure 3A–C). Cx26 expression, in contrast, was still detectable after RAc treatment (Figure 3D–F). These results demonstrated that retinoids applied at P10 selectively reduced the Cx30 expressions while leaving the Cx26 relatively intact. When cochlear sections were examined, we found that RP (30 μM)-induced reduction of Cx expression did not result in any cell degeneration in the organ of Corti (Figure 2C, panels A–D).


Figure 2. Western blot analysis on RP effect of Cx expressions in the inner ear and cochlear morphology. (A) Cx26 (filled bars) and Cx30 (dashed bars) expressions at P6 in the lateral wall (LW) and organ of Corti (OC), as quantified by Western blots and normalized to appropriate controls; (B) Western blot analysis results of Cx26 (filled bars) and Cx30 (dashed bars) obtained from P10 cochleae after treatment with RP (30 μM)-soaked gel foam, and compared to controls; (C) Epoxy resin cochlear sections reveal normal morphology after implantation of RP at 30 μM. Panels in the left column (C1,C3) show the view of whole cochlear section. (C2,C4) depict magnified views of the organ of Corti in (C1,C3) respectively. Matured tunnel of Corti and nuel’s space, typical of wild-type mouse at this developmental stage, were observed.
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Figure 3. The effect of applying retinyl acetate (RAc) on the round window membrane for Cx30 (upper panels, (A–C)) and Cx26 (lower panels, (D–F)) expressions in the cochlea. Experiments were repeated three times and similar results were obtained. RAc is an isomer of RP. Immunolabeling showed that treatment with RAc 30 μM led to marked decrease in Cx30 (B,C) expression in the cochlea; while Cx26 expression was still detected (E,F).
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We next tested RP effects on hearing and cochlear Cx expressions when systemically applied through intraperitoneal injections (IP given at 10 mg/kg, at P5, n = 6). When hearing thresholds were examined by ABR tests from adult mice (P26–28), we found severe hearing loss for mice injected at P5 (n = 6) at most frequencies we tested (Figure 4A, data points shown by hollow triangles, p < 0.05 for frequencies of 4, 8, 12, 18, 24 kHz, p > 0.05 at 32 kHz, when compared to WT controls). Mice (n = 5) received RP injections at P8, however, exhibited only a mild hearing loss when compared to controls (Figure 4A, data points shown by filled squares, p > 0.05 for all frequencies tested). Western blot analyses revealed a significant loss of Cx30 expression in mice injected at P5, while Cx26 expression was not significantly different in mice injected from P8 (Figure 4B, bands in the middle). It is interesting to note that, although given at greater than daily recommended dose, RP dose (10 mg/kg) we tested lies within the therapeutic range in adult mice [22]. Results also suggested that retinoid-induced Cx expression reduction in the cochlea (mostly Cx30, as demonstrated in Figure 1, Figure 2 and Figure 3) were severe enough to result in hearing loss in mice without causing permanent morphological degeneration in the cochlea (Figure 2(C1–C4)). Matured tunnel of Corti and nuel’s space, typical of wild-type mouse at this developmental stage, were observed.


Figure 4. (A) Chronic intraperitoneal (IP) injections of RP (10 mg/kg) resulted in a noticeable change in hearing thresholds as measured by auditory brainstem responses (ABRs). When injections are introduced at P5, severe hearing loss results were observed at P26–28. The severity of hearing loss was mild when IP injections are started at P8; (B) Western blot reveals undetectable levels of Cx30 in P26 mice injected with RP (10 mg/kg) at P5 (bands in the middle). This reduction in protein expression was only apparent in mice injected with RP at P5, and not at P8 (lower bands) or with controls injected with PBS.
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In the next series of experiments we tested the effect of retinoids using the Cx30 knockout (KO) mouse model [18] to examine its effects on Cx expression and hearing (Figure 5). We used all-trans-retinoic acid (ATRA), which was tested in previous studies by others and known to influence the Cx expression. It is also known as one of the most potent forms of retinoids [23,24,25]. Western blot analysis showed statistically significant and dose-dependent increases in Cx26 expression in the cochleae of 30 KO mice treated with 30 μM or 300 μM ATRA respectively (Figure 5A). With 300 μM ATRA applied, Cx26 expressions were nearly doubled when compared to controls (Figure 5A, last two bars). In addition, ABR test results obtained from adult mice (P30, n = 5) revealed approximately ~10 db improvement in hearing thresholds at testing frequencies of 4 kHz, 8 kHz, 12 kHz and 18 k Hz in mice treated with 300 μM ATRA (Figure 5B, red data curve). Morphology of the cochleae showed normal hair cells and no signs of cellular degeneration in other regions of the cochlea (Figure 5C).


Figure 5. (A) Western blot analysis reveals statistically significant increase in the expression of Cx26 in mice treated with all-trans-retinoic acid (ATRA) 30 μM (p < 0.01) and ATRA 300 μM (p < 0.02) when compared to normalized controls; (B) Hearing thresholds as measured by auditory brainstem responses (ABRs) in adult Cx30 KO mice (P30) with and without treatment (see panel legend in the inset); (C) Epoxy resin sections show no obvious morphological changes at P10 in Cx30 KO mice after implantation of ATRA 30 μM at the RW. Right column present magnified views of the tunnel of Corti and nuel’s space.
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Throughout our experiments, we monitored the mice for circling behavior, head tilt, and swimming ability, which are parameters indicative of vestibular functions [26]. We also monitored possible behavioral manifestations of hypervitaminosis A, which include some of the major symptoms in humans and primates such as malaise, drowsiness, nausea, vomiting, poor balance, and muscular incoordination [27]. None of these signs and symptoms was present in any of the experimental animals.




4. Discussion


Our study described the effects of retinoids on cochlear Cx expression during postnatal inner ear maturation as well as the effects on hearing function. Vitamin A has been used as a drug to treat ear diseases (e.g., recurrent otitis media) but has not been used for the treatment of non-syndrome hereditary deafness. Our rationale for studying vitamin A regulation of cochlear Cx expression was based on previous demonstration that most gap junctions in the cochlea are assembled from Cx26 and Cx30, and overexpressing Cx26 alone would sufficiently rescue hearing in Gjb6−/− Mice [14,28]. Our results strongly demonstrated a pattern of Cx expression regulated by retinoids, depending on dosage, route, and timing of injection or surgery.



Both immunolabeling and Western blot data revealed selective reduction of cochlear Cx30 expression by RP while Cx26 expression remain mostly unchanged. In contrast, a more potent retinoid (ATRA) at the dose tested, significantly increased cochlear Cx26 expression (while leaving Cx30 level relatively unchanged) and improved hearing in Cx30 knockout mice by about around 10 dB. The reason why ATRA selectively increased the Cx26 expression is unknown, and we can only speculate the underlying mechanism. Vitamin A impacts the expression of at least 500 known genes including Cx26 and Cx43 [29,30]. Retinoids generally exert their actions by binding to the retinoic acid receptor, which affects the functions of nearby DNA-binding proteins that are critically involved in the transcriptional control of gene expressions. One plausible explanation for the differential ATRA effects we observed for Cx26 and Cx30 could be that the accessory proteins to the retinoic acid receptor may be different near the two connexin genes. This may lead to very different downstream effect, that ultimately resulted in the upregulation of Cx26 expression while negatively affecting the level of Cx30. Ahmad et al. showed that transgenic overexpression of Cx26 completely preserves hearing in the Cx30 KO mice [14]. Similarly, in our study, surgical administration of 300 μM ATRA in Cx30 KO mice resulted in a two-fold increase in the expression of Cx26 (Figure 5A) and resulted in hearing improvement. Quantitatively, Ahmad et al. achieved about a three-fold increase in the Cx26 level in the Cx30 KO mouse model leading to improved hearing [14]. These quantitative comparisons suggest that higher dosage of ATRA may better enhance hearing.



It is important to note that vitamin A is not a known ototoxic agent and the relationship between vitamin A and the inner ear protein expressions in newborn mice are largely unknown. Studies suggest that the minimum daily requirement of vitamin A in mice is 0.72 mg/kg while the minimum teratogenic dose is 75 mg/kg/day by IP injections [22]. Our dose at 10 mg/kg every other day resulted in severe hearing loss when IP administration started at P5. The loss of Cx30 expression seen in Western blot analysis may account for the changes in hearing acuity although it may alter the expression of unaccounted genes.



Timing of retinoid administration appears to be critical in hearing development and Cx expression. This was supported by our data obtained for P8 injections (IP), which led to a mild hearing loss compared to severe hearing loss when injected at P5. In our studies, no systemic signs or symptoms of vitamin A toxicity were visible during our inspection of the treated animals. The underlying cellular and molecular mechanism regarding impact of vitamin A on Cx30 expression is unknown. However, even with a small dose of vitamin A, profound effects on hearing appear to be clinical detrimental while no significant morphological changes in the cochlea were observed (Figure 2C and Figure 5C). Thus, further studies are warranted to understand this relationship and determine the critical period for therapeutic intervention.



This is the first direct demonstration that early postnatal Vitamin A injections resulted in severe hearing loss. Our study provides a cautious tale for high-dose vitamin A exposure in newborn mice and direct impact on Cx expression may be the underlying mechanism of this effect, although it will need further verification. Moreover, the most active form of vitamin A, ATRA, may be a novel therapeutic agent when applied during cochlear development to aid in hearing by increasing Cx26 expression. Therapeutic benefit from an essential nutrient carries great potential for clinical adoption especially when there are no available treatments.



Undoubtedly, many studies have shown the various health benefits of vitamin A including lower risk of hearing loss and even reduced risk of death. However, vitamin A should be taken with caution as there is a significant potential for vitamin A toxicity. Especially in the developed world where 200,000 international units (IU) of vitamin A is commonly given for long-term maintenance dose and 25,000 IU capsules are easily available, the potential for toxic effects must be highlighted as a public health concern. In contradistinction, vitamin A deficiency is common in the developing world and efforts should focus on providing adequate daily allowance of 5000 IU for adults and 2500 IU in children [31]. In conclusion, vitamin A impacts hearing in the critical developmental period, and its impact on Cx expression may be the underlying mechanism. Especially, ATRA holds early promise in treating Cx30 null-induced deafness by overexpression of Cx26. Therefore, further research investigating the risk and benefits of ATRA and other vitamin A sub-types is critical for the development of possible therapeutics in non-syndrome hereditary deafness.
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